The crystallization of amorphous solid water (ASW) nanoscale films was investigated using reflection absorption infrared spectroscopy. Two ASW film configurations were studied. In one case the ASW film was deposited on top of and capped with a decane layer ("sandwich" configuration). In the other case, the ASW film was deposited on top of a decane layer and not capped ("no cap" configuration). Crystallization of ASW films in the "sandwich" configuration is about eight times slower than in the "no cap." Selective placement of an isotopic layer (5% D 2 O in H 2 O) at various positions in an ASW (H 2 O) film was used to determine the crystallization mechanism. In the "sandwich" configuration, the crystallization kinetics were independent of the isotopic layer placement whereas in the "no cap" configuration the closer the isotopic layer was to the vacuum interface, the earlier the isotopic layer crystallized. These results are consistent with a mechanism whereby the decane overlayer suppresses surface nucleation and provide evidence that the observed ASW crystallization in "sandwich" films is the result of uniform bulk nucleation. Published by AIP Publishing.
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The properties of amorphous solid water (ASW) are of interest for a variety of reasons including its use as a model system for studying supercooled liquid water, amorphous materials, and water in astrophysical environments. [1] [2] [3] [4] [5] [6] [7] [8] [9] While not found naturally on earth, it can be created by vapor deposition onto a cold substrate (T < 130 K) in the laboratory. 5, 10 The vapor deposited solid is metastable and will eventually transform into the crystalline phase when heated to higher temperatures (typically greater than 130 K), where of course, the kinetics of the crystallization will depend on the temperature.
One motivation for many of these studies is to use the ASW films to extract the nucleation and growth parameters for the formation of crystalline ice from deeply supercooled liquid water. [11] [12] [13] [14] [15] The idea is that when ASW is heated above its glass transition, it will transform into a supercooled liquid prior to crystallization. The crystallization kinetics will provide information about the properties of supercooled liquid water. A variety of experimental techniques (including desorption, [16] [17] [18] [19] [20] physisorption, 11,21-24 infrared spectroscopy, 5, 10, [25] [26] [27] [28] and electron microcopy 12, 29 ) have been used to study ASW crystallization. The majority of the above mentioned studies report that crystallization occurs via bulk nucleation although a few studies suggest that nucleation may start at the vacuum interface. 24, 30 In recent work studying crack formation in ASW films, it was observed that the crack formation begins at the ASW/vacuum surface. [31] [32] [33] Because crack formation is believed to accompany crystallization, 34, 35 in a followup study temperature programmed desorption (TPD) and a) Authors to whom correspondence should be addressed. Electronic addresses: Scott.smith@pnnl.gov and Bruce.Kay@pnnl.gov reflection absorption infrared spectroscopy (RAIRS) were employed to measure surface and bulk crystallization directly. 36 Those results clearly showed that the crystallization of ASW films in vacuum proceeds via a "top-down" mechanism. In the proposed mechanism, nucleation begins at the ASW/vacuum interface resulting in crystallization of the outer surface of the film. The outer crystalline layer acts as a template that results in a crystallization growth front that propagates into the bulk. Based on these results, it is likely that many prior ASW crystallization studies were the result of surface and not bulk nucleation. In the present letter, we use ASW films sandwiched between decane layers to inhibit interface nucleation and to observe bulk ASW crystallization kinetics that are the result of bulk nucleation. The experiments were performed in an ultra-high vacuum system (UHV) that has been described in detail previously, 20, 37 and only a high level description of the experiment is provided here. Briefly, the UHV chamber has a base pressure of <10 −10 Torr and the water films were deposited on a graphenecovered 1 cm diameter Pt(111) substrate. The substrate was cooled by a closed cycle helium cryostat and resistively heated by two tantalum wires spot welded to the backside of the Pt(111). The graphene layer was formed by impinging a beam of decane on the Pt substrate heated to 1100 K to form a single layer on the surface. 38 The temperature was measured by a K-type thermocouple spot-welded to the back. The temperature was measured with a precision of better than ±0.01 K and the absolute temperature was calibrated to have an accuracy of ±2 K.
The composite decane and ASW (both pure H 2 O and 5% D 2 O in H 2 O) films were created by deposition using a quasi-effusive molecular beam at normal incidence and at a substrate temperature of ∼30 K. After creation of a composite film, the substrate was heated via a linear temperature ramp (1 K/s) to and then held at the isothermal temperature of interest. The RAIRS spectra were recorded with a Bruker Vertex 70 Fourier transform infrared spectrometer where the infrared beam was incident on the sample at an angle of 82 • ± 1 • from normal. The infrared spectra were acquired with a resolution of 8 cm −1 . Figure 1 displays a series of RAIRS spectra for a 1000 ML ASW film in a "sandwich" configuration (described below). The film was deposited at 30 K and then heated to and held at 150 K. A 5% D 2 O in H 2 O liquid solution was used to grow the ASW films. In the solution, D 2 O reacts with H 2 O to form HDO. The use of HDO facilitates the observation and analysis of ASW crystallization because the O-D stretching frequency is decoupled from the OH stretch. 39, 40 This is demonstrated in Figure 1 which shows that the initial broad amorphous spectrum (red curve) eventually transforms into a relatively sharp crystalline spectrum (blue curve) with a peak at ∼2426 cm 1 . The set of spectra have an isosbestic point, which is indicative of a transformation from one state (amorphous) to another (crystalline). The crystallization kinetics are obtained by analyzing the time series of spectra. In this work the fraction-crystallized versus time was obtained by least-squares fitting the intermediate spectra (black curves) to a linear combination of the initial 100% amorphous (red curve) and the final 100% crystalline (blue curve) spectra. Because the spectra are temperature dependent, 100% amorphous and 100% crystalline basis spectra were obtained at the temperature of each isothermal experiment and used in the analysis. Figure 2 displays the fraction-crystallized versus time curves for 1000 ML ASW films in two configurations. Figure 2 (a) displays the results for a series of isothermal experiments from 148 to 160 K where the ASW films were deposited on top of and capped with a 50 ML decane layer, which we refer to as the "sandwich" configuration. 140 to 150 K where the ASW films were deposited on top of a 50 ML decane layer but not capped, which we refer to as the "no cap" configuration. The results for both configurations show that the fraction-crystallized curves have a sigmoidal shape and that the onset time for crystallization increases with decreasing temperature. The sigmoidal behavior and the delayed onset are characteristic of nucleation and growth kinetics. 41, 42 One difference in the results for the two configurations is that crystallization rates in the "sandwich" films are much slower than for the "no cap" films. For example, the two dashed curves in Figure 2 are both for isothermal experiments at 150 K. In the "sandwich" film the crystallization half-time, t 1/2 , is ∼2200 s whereas in the "no cap" film the t 1/2 is ∼275 s. Clearly, the addition of the decane layer on top of the ASW film has dramatically affected the crystallization kinetics.
To obtain insight into the crystallization mechanism, experiments where an isotopic layer (5% D 2 O in H 2 O) was placed at various positions in the film were performed. The results for both the "sandwich" and "no cap" configurations are displayed in Figure 3(a) . In these experiments (see schematics FIG. 3 . (a) Fraction-crystallized of the isotopic layer versus time, x(t), curves obtained from isothermal RAIRS experiments at 150 K where a 100 ML ASW layer (5% D 2 O in H 2 O) was placed at various positions in H 2 O films in both "no cap" and "sandwich" configurations. The total thickness of the composite films was 1000 ML. The 100 ML isotopic layer was placed at the top (blue curves), 300 ML below the top (red curves), 600 ML below the top (black curves), and at the bottom (green curves) of the 1000 ML composite films. (b) Fraction-crystallized versus time, x(t), curves obtained from RAIRS experiments in a "sandwich" configuration for film thicknesses of 100 ML (blue curves), 200 ML (red curves), 500 ML (black curves), and 1000 ML (green curves) at isothermal temperatures of 150, 155, and 160 K.
in Figure 3 ), 1000 ML ASW films were created with 900 ML of H 2 O and a 100 ML isotopic layer (5% D 2 O in H 2 O) placed at top of the film (blue curves), 300 ML below the top (red curves), 600 ML below the top (black curves), and at the bottom (green curves). The results for the "no cap" films show that the fraction-crystallized of the isotopic layer curves shift to longer times as the 5% D 2 O layer is placed farther away from the top of the film. The "no cap" results are consistent with our prior work, 36 which showed that the crystallization front propagates from the ASW/vacuum interface into the bulk. In this case, the crystallization of the isotopic layer is delayed until the crystallization front reaches the layer. In contrast, the results for the "sandwich" films show that the fraction-crystallized of the isotopic layer curves are largely independent of the 5% D 2 O layer's position in the film. This means that there is no crystallization front propagation in the film. Similar results were observed for experiments at other isothermal temperatures (not shown). The "sandwich" results suggest that crystallization is occurring uniformly throughout the film.
Further evidence for a uniform crystallization mechanism in "sandwich" films is provided by experiments where the overall thickness of the ASW layer was varied. Figure 3(b) displays the fraction-crystallized versus time curves for ASW films (5% D 2 O in H 2 O) in a "sandwich" configuration for thicknesses of 100 (blue curves), 200 (red curves), 500 (black curves), and 1000 ML (green curves). The isothermal experiments for these thicknesses were performed at temperatures of 150, 155, and 160 K. The results show that at a given temperature, the crystallization kinetics are independent of the film thickness from 100 to 1000 ML for ASW films in the "sandwich" configuration. Figure 4 is an Arrhenius plot of the crystallization halftimes, t 1/2 , for the "sandwich" (solid blue circles) and "no-cap" (solid red circles) fraction-crystallized curves in Figure 2 . The data show that the t 1/2 values for the "sandwich" films are almost an order of magnitude slower that those for the "no cap" films. For example, at 149 K the t 1/2 is ∼8 times longer in the "sandwich" than in the "no cap" film. The dashed lines are Arrhenius fits that yielded apparent activation energies of 67 ± 2 kJ/mol for the "sandwich" and 60 ± 2 kJ/mol for the "no cap" experiments. Obviously, a comparison of the t 1/2 values is overly simplistic and a more rigorous analysis is needed to get meaningful activation energies for specific kinetic processes. However, the lower activation energy for the "no cap" films is likely due to the apparent activation being more dominated by the growth kinetics, which are reported to have an activation energy of ∼56 kJ/mol. 22 Both the differences in the t 1/2 values and the apparent activation energies between the "sandwich" and "no cap" experiments suggest that the crystallization mechanisms are different for the two configurations.
The question of whether nucleation begins at the surface or in the bulk has important implications for determining homogeneous nucleation rates in supercooled liquid FIG. 4 . Arrhenius plot of the crystallization half-times, t 1/2 , for the "sandwich" and "no cap" experiments displayed in Figure 2 . At 149 K the t 1/2 is ∼8 times longer in the "sandwich" than in the "no cap" film. The dashed lines are Arrhenius fits that yield apparent activation energies (E A ) of 67 ± 2 kJ/mol for the "sandwich" and 60.1 ± 2 kJ/mol for the "no cap" experiments. Due to compensation effects, equally good fits can be obtained for a range of any individual Arrhenius fit parameters. The error estimate for the activation energy is the least squares fit error.
water. 6, [13] [14] [15] [43] [44] [45] [46] [47] [48] [49] Most experiments measure the crystallization kinetics and then extract the nucleation rate from the crystallization rate data. However, this can be complicated by the fact that crystallization of supercooled liquid water involves both nucleation and growth components. Deconvolution of the nucleation and growth rates requires knowledge of the crystallization mechanism.
Recent theoretical studies have reported conflicting evidence for the crystallization mechanism of supercooled liquid water. Some studies have argued that crystallization begins at the liquid-vapor interface or free surface interface. 15, 44, 45 These results are explained by the higher free volume and lower density at the interface compared to the bulk which allows for the formation of larger water clusters and eventually nuclei formation. Conversely, others have reported that nucleation begins in the bulk. 43, 47 In this case the argument is that disorder and under-coordination of water molecules at the surface slows the rate of nuclei formation.
The experimental results presented here clearly show that the crystallization kinetics of the melt of ASW depends on the availability of a "free" surface. The data in Figures 2  and 4 show that the presence of a decane layer on top of the ASW film dramatically decreases the crystallization rate. In addition to decreasing the overall rate, the decane layer also affects the crystallization mechanism. This is shown in Figure 3 where the crystallization of "no cap" films is shown to proceed via a "top-down" mechanism whereas "sandwich" films crystallize uniformly and the kinetics are independent of the film thickness. Additional evidence for different crystallization mechanisms is given in Figure 4 where both the crystallization and the apparent activation energies are different for the two film configurations. In our experiments, the presence of a decane overlayer acts to limit both the available free volume and the mobility of the surface layer and this may account for the elimination of surface-induced crystallization. Another possibility is that specific interfacial interactions between the ASW surface and the decane layer may play a role. Future experiments with different adlayers (hydrophilic and hydrophobic) may be able to address this question.
These results support a model where the crystallization of ASW films in the "sandwich" configuration occurs via a bulk nucleation mechanism. Analysis of the crystallization kinetics of ASW films in a "sandwich" configuration should allow for the determination of kinetic parameters (nucleation and growth rates) that can be related to the bulk properties of deeply supercooled liquid water. The use of "sandwich" layers eliminates the contributions of nucleation at the vacuum and substrate interfaces to the observed crystallization kinetics. The extraction of the nucleation and growth parameters from the crystallization kinetics will require additional experiments and more detailed kinetic modeling that explicitly treat the interfacial and bulk nucleation and growth kinetics. Future work will employ crystalline ice templates to measure growth rates that are independent of nucleation. 50 These growth rates can then be used in kinetic simulations of the experimental crystallization kinetics to extract both the bulk and interfacial nucleation rates. The results of these combined experimental and kinetic modeling studies will be presented in a future publication. This work was supported by the US Department of Energy (DOE), Office of Science, Office of Basic Energy Sciences, Division of Chemical Sciences, Geosciences, and Biosciences. The research was performed using EMSL, a national scientific user facility sponsored by DOE's Office of Biological and Environmental Research and located at Pacific Northwest National Laboratory, which is operated by Battelle for the DOE.
